ABSTRACT: Athletic endurance performance at sea level can be improved via intermittent hypoxic training (IHT). However, the efficacy of IHT for enhancement of aerobic exercise performance at sea level is controversial because of methodological differences. Therefore, the aim of the study was to determine whether the IHT regimen ameliorates exercise economy and aerobic exercise performance in moderately trained swimmers. A total of 20 moderately trained swimmers were equally assigned to the control group (n=10) training in normoxic conditions and the IHT group (n=10) training at a simulated altitude of 3000 m. They were evaluated for metabolic parameters and skeletal muscle oxygenation during 30 min submaximal exercise on a bicycle, and aerobic exercise performance before and after 6 weeks of training composed of aerobic continuous exercise set at 80% maximal heart rate (HRmax) during 30 min and anaerobic interval exercise set at the exercise load with 90% HRmax measured in pre-test during 30 min (10 times 2 min exercise and 1 min rest). According to the results, the IHT group demonstrated greater improvement in exercise economy due to decreases in VO 2 (p=.016) and HHb (p=.002) and increases in O 2 Hb (p<.001) and TOI (p=.006). VCO 2 was decreased in the IHT group (p=.010) and blood lactate level was decreased in the control (p=.005) and IHT groups (p=.001). All aerobic exercise performance including VO 2max (p=.001) and the 400 m time trial (p<.001) were increased in the IHT group. The present findings indicate that the 6 week IHT regime composed of high-intensity aerobic continuous exercise and anaerobic interval exercise can be considered an effective altitude/hypoxic training method for improvement of exercise economy and aerobic exercise performance in moderately trained swimmers. 
INTRODUCTION
Since the Olympic Games were held at a high altitude in Mexico City in 1968, the usefulness of training at altitude or in hypoxic conditions for the improvement of aerobic exercise performance has received considerable attention among athletes, coaches, and scientists [1] .
Aerobic exercise performance is related to various factors that can be altered by diversiform training methods at altitude or in hypoxic conditions including erythropoiesis, exercise economy, capillary density, haemodynamic function, and acid-base response in skeletal muscle [2, 3] . Athletic endurance performance at sea level can be improved via three altitude/hypoxic training methods: the living high-training high (LHTH) (residing and training in natural altitude environments or artificial hypoxic conditions), the living high-training low (LHTL) (residing at natural altitude or in artificial hypoxic conditions, but Intermittent hypoxic training for 6 weeks in 3000 m hypobaric hypoxia conditions enhances exercise economy and aerobic exercise performance in moderately trained swimmers formance following the IHT procedure [13, 32] . McLean et al. [8] performed a systemic review that aimed to evaluate the normoxic aerobic exercise performance outcomes of the IHT literature, with a particular focus on training intensity and modality. As the results showed, the improvement in aerobic exercise performance following IHT interventions appeared to be more strongly related to training carried out with the high-intensity and anaerobic interval method.
Also, the IHT regime should always include some portion of highintensity training in normoxic conditions, given that some physiological systems are limited under hypoxic conditions. Therefore, this study aimed to investigate the effects of a highintensity IHT regimen (< 3 hours' hypoxic exposure, 3 times per week, 6 weeks) composed of aerobic continuous treadmill and anaerobic interval bicycle exercise, and normoxic training (swimming and resistance exercise) on metabolic parameters, skeletal muscle oxygenation profiles, and aerobic exercise performance in moderately trained swimmers.
MATERIALS AND METHODS

Participants
Our study included 20 moderately trained Korean swimmers who had not participated in any exercise and training programme in hypobaric and normobaric hypoxic conditions in the previous 6 months. Recently, intermittent hypoxic training (IHT), an LLTH approach, may be of particular interest to athletes and coaches because this training regime commonly involves shorter hypoxic exposure (approximately two to five sessions per week of < 3 hours), lower cost, less effort, and shorter time than the LHTH and LHTL regimes [8] .
The stress of hypoxia, in addition to training stress, will compound the training adaptations experienced with normal endurance training and will lead to greater improvements in aerobic exercise performance [11, 31, 32] . IHT may enhance exercise economy, acid-base balance, metabolic, and haemodynamic response during exercise, resulting in improved oxygen utilizing capacity and exercise performance [11] [12] [13] [14] .
However, the efficacy of aerobic exercise performance in IHT at sea level is still controversial [15, 16, 17, 18] . These conflicting results may be due to methodological difference including the dose of hypoxic stimulus, type and intensity of training, participant training status, and time-point in measurement of aerobic exercise per- 
Intermittent hypoxic training enhances exercise economy
The participants were non-smokers, and did not have any history of musculoskeletal, cardiovascular, or pulmonary disease. The participants received information about the purpose and process of this study. All swimmers consented by signature, after sufficient explanation of the experiment and understanding of the possible adverse effects prior to the start of the study, and were equally divided according to number (n=10) and sex (5 men and 5 women) and randomly assigned to one of the two intervention groups: a control group for normoxic training (760 Torr) and an IHT group for training at a simulated altitude of 3000 m (526 Torr) hypobaric hypoxic conditions. All participants completed the study; thus, all data were used in the analyses. There were no significant differences in physical characteristics between groups ( In the test sessions, on the first day, we measured body composition between 8:00 and 9:00 am after 4 hours or more of fasting.
After about 2 hours of meals and rest, maximal oxygen consumption (VO 2 max) and maximal heart rate (HRmax) were measured using graded exercise testing by the Bruce protocol on a treadmill in normoxic conditions. On the second day, all participants underwent measurement of the exercise load (watts) corresponding to 75% and 90% HRmax using graded exercise testing by the McArdle protocol on a bicycle in normoxic and hypoxic conditions. On the third day, Also, all participants performed equally additional normoxic training sessions composed of a swimming training session (warm-up, drills, main set, and swim down) and resistance training session (bench press, shoulder press, dumbbell curl, lat pull-down, bent-over 
Measurement
All participants fasted for 4 hours or more prior to measurement of body composition (i.e., height, weight, % free fat, and % body fat).
They wore lightweight clothing and were asked to remove any metal items. An X-SCAN PLUS (Jawon medical, Korea) was used to measure height and body composition at sea level. Blood lactate level was analysed at rest, 5, 10, 20, and 30 min using the YSI-1500 lactate analyser (YSI Inc., USA), and the five rowing, bent-over-back, push-up, front push, front raise, and bentover kickback) at sea level. The swimming training session is shown in 
Statistical Analyses
Means and standard deviations (SD) were calculated for each primary dependent variable. Normality of distribution of all outcome variables was verified using the Kolmogorov-Smirnov test. A two-way analysis of variance with repeated measures on the "time" factor was used to analyse the effects of training programmes on each dependent variable. Post-hoc testing using the Bonferroni method was used to identify within-group change over time. An a priori power analysis was performed with G-power for the energy metabolic parameter (VO 2 during submaximal exercise) based on previous research [31] ,
indicating that a sample size of 16 participants (8 participants per group) would be required to provide 80% power at an α-level of.05.
We anticipated a more than 10% dropout rate and aimed for a starting population of 20. All analyses were performed using Statistical
Package for the Social Sciences (SPSS) version 23.0. A priori, the level of significance was set at.05.
RESULTS
Metabolic parameters measured during 30 min submaximal exercise
on a bicycle before and after training are shown in Figure 1 . All metabolic parameters showed no significant interaction. However, (Figure 2 ).
The IHT group showed greater improvement in skeletal muscle oxygenation compared to the control group; O 2 Hb (p<.001) and TOI (p=.006) were increased, and HHb (p=.002) was decreased in the IHT group. Generally, previous studies reported that IHT increases glycolysis enzyme activity, glucose delivery capacity, mitochondria density, capillary density, cross section area of skeletal muscle, and activity of the motor unit by stimulating the neuromuscular system [2, 3, 7, 11] . These positive changes improve the effectiveness of oxygen delivery and utilization capacity [22, 23, 24, 25, 26] . In addition, aerobic exercise performance is enhanced by exercise economy (improvement in inflow rate in oxygen to skeletal muscle tissue and oxygen utilization capacity in mitochondria) [1, 13, 22, 24] .
In particular, exercise economy is highly correlated with exercise performance in aerobic athletes [19] , and is recognized as an accurate predictive factor in aerobic exercise capacity [21] . Many studies have reported that greater exercise economy is related to increased aerobic exercise performance by the physiological adaptations to altitude/hypoxic training [29, 30] . In our study, the positive changes in VO 2 , O 2 Hb, HHb, and TOI during submaximal exercise on a bicycle in the IHT group by training are consistent with results of previous studies showing that IHT enhances aerobic exercise performance via improved exercise economy and aerobic energy metabolic rate as oxygen utilization capacity in skeletal muscle tissue [1, 2, 22, 27] .
However, a number of previous studies failed to demonstrate an improvement in exercise economy and aerobic exercise performance at sea level [17, 18, 28] . These conflicting results may be due to
There was no significant interaction in exercise performance, but there were significant main effects within time in VO 2max (F=26.742, p<.001) and the 400 m time trial (F=12.226, p=.004) ( Figure 3 ).
As expected, the IHT group showed improvement in aerobic exercise performance: VO 2max (p=.001) and the 400 m time trial result (p<.001) were increased in the IHT group.
DISCUSSION
Among altitude/hypoxic training regimes for enhanced aerobic exercise performance in various athletes, IHT commonly involves < 3 hours' hypoxic exposure, two to five times per week, during two to six weeks and, therefore, does not provide a sufficient hypoxic stimulus to induce haematological changes [6, 7, 8] . Therefore, IHT does not induce improvement of aerobic exercise performance via enhancement of oxygen transportation capacity by erythropoiesis such as increased RBC count, RBC mass, Hb mass, and EPO concentration. However, several studies suggest that short-term exposure including some form of physical training (i.e. IHT) has the ability to enhance the metabolic (i.e. blood lactate level, glycolytic enzyme and glucose transport, acid-base regulation) and haemodynamic response and oxygen utilization capacity [11, 12, 13, 14] . However, the efficacy of IHT for the enhancement of aerobic exercise performance at sea level still remains an open question due to methodological differences including the dose of hypoxic stimulus, type and intensity of training, participant training status, and time-point of measurement of aerobic exercise performance following the IHT procedure [15, 16, 17, 18] . Therefore, our study investigated the effectiveness of IHT (< 3 hours' hypoxic exposure, 3 times per week, 6 weeks) and additional normoxic training with respect to metabolic parameters, skeletal muscle oxygenation, and aerobic exercise performance in moderately trained swimmers. The study results methodological difference including the dose of hypoxic stimulus, type and intensity of training, participant training status, and timepoint of measurement of aerobic exercise performance following the IHT procedure [13] . Among various methodological differences, exercise mode and intensity are likely key factors in mediating the response to IHT. The higher training intensities appear to be more beneficial than sub-maximal workloads, and the IHT intervention should always include some portion of high-intensity anaerobic and resistance training in normoxia, given that some physiological systems are limited under hypoxic conditions [8] . Moreover, IHT is thought to induce primarily peripheral adaptations related to metabolic parameters and skeletal muscle oxygenation [29, 30] . Previous studies
showing negative results may not have been sufficient to stimulate these adaptations and improve exercise economy or aerobic exercise performance [8, 11] . Additionally, McLean et al. [8] to a decrease in VCO 2 and blood lactate level due to an increased aerobic energy metabolic rate and consolidated tolerance and removal capacity to fatigue-causing substances during anaerobic energy metabolism in moderately trained swimmers [1, 2, 22, 24] .
From these results, the majority of benefits following the IHT regime appear to be related to aerobic exercise performance, which may be more beneficial in athletes with high intensity of anaerobic interval or repeated exercise in hypoxic conditions and normoxic exercise. In particular, when applying IHT to athletes for exercise performance, sufficient high intensity and volume of normoxic training, such as interval exercise, repeated sprint exercise, and resistance exercise, may be advised. Also, athletes, coaches, and scientists should carefully apply the principles of training specificity. Therefore, the IHT in the present study can be considered an effective altitude/hypoxic training regime for improvement of exercise economy and aerobic exercise performance in moderately trained swimmers.
CONCLUSIONS
Our results suggest that 6 weeks of IHT (< 3 hours' hypoxic exposure, 3 times per week, 6 weeks) composed of warm-up, aerobic continuous training, anaerobic interval training, and cool-down in simulated 3000 m hypoxic conditions, and additional normoxic training (swimming and resistance exercise), is effective in enhancing exercise
economy. In addition, we provide findings regarding greater improved tendency in removal capacity of fatigue substances and aerobic exercise performance of moderately trained swimmers.
